MnFe 2 O 4 nanocrystals with spinel structure were prepared by conventional solution combustion synthesis and salt-assisted solution combustion synthesis, respectively, and their adsorption capacities for Congo red (CR) were also investigated. The results showed that the MnFe 2 O 4 nanocrystals prepared with KCl salt (K-MFO) exhibited much better adsorption capacity for CR than those prepared without KCl (MFO), because the introduction of KCl into the solution combustion synthesis process results in an obvious dispersion and increment of surface area in the obtained MnFe 2 O 4 particles. Meanwhile, the MnFe 2 O 4 nanocrystals exhibited a clearly ferromagnetic behavior under applied magnetic field, which allowed their high-efficient magnetic separation from wastewater. The adsorption ratio of MnFe 2 O 4 nanocrystals prepared with a KCl/M ratio of 2/3 (K-MFO-c) for CR still reached 81% after 5 cycles. By the calculation of Langmuir model, the maximum monolayer adsorption capacity (q m ) of K-MFO-c is 118.76 mg/g and much higher than that of MFO (30.00 mg/g), which must be associated with the higher surface area of K-MFO-c.
Introduction
With the increasing concern for public health and environmental quality, removing pollutants from wastewater has been a hotspot in recent years. 1) Great efforts have been made to solve this problem, such as chemical oxidation, photocatalytic degradation, filtration and adsorption.
2)4) Among the above methods, adsorption is an efficient and promising way. Therefore, various adsorbents are investigated in the field of environment and materials science, such as active carbon, composite adsorbent and molecular sieves. 5), 6) In order to solve the problem of separation and high cost, magnetic separation is considered as an effective technique of separation adsorbents from wastewater. 7) Spinel-type ferrites have been widely investigated because of their outstanding superparamagnetic behavior and high saturation magnetization properties, i.e., ZnFe 2 4 exhibits an excellent ferromagnetic behavior at room temperature and been widely studied for its magnetic properties. 8),9) However, there were a few works about MnFe 2 O 4 as adsorbent to removal dyes from wastewater. 8) , 10) It is well-known that each type of application requires nanoparticles with specific physicochemical and magnetic properties that can be engineered during the synthesis process. To date, various synthesis methods have been developed successfully to prepare MnFe 2 O 4 nanoparticles, such as solvothermal method, solid-state reaction method, high energy wet milling, co-precipitation method and microwave-induced polyol process. 11)13) Among the various synthetic routes, solution combustion synthesis has been regarded as one of effective and economic approaches owing to its convenient processing, simple experimental setup, significant saving in time and energy and homogeneous products. 14),15) However, conventional solution combustion synthesis of well-dispersed nanocrystalline oxide particles faces two difficulties of inhibiting particles agglimeration and promoting phase formation. 16 ),17) Therefore, controlled synthesis of nanostructures via solution combustion route surely has been an experimental challenge. To overcome this shortcoming, a novel salt-assisted solution combustion syntheses (SSCS) was developed and successfully applied in preparation of well dispersed various oxides and composite oxides nanoparticles. 18)20) In the SSCS process, the salt precipitation in situ is completed in an instant to form a thin layer of salt crust on the surface of the newly formed nanoparticles, which inhibits the formation of hard agglomerates and results in drastic increase in surface area.
Herein, we employed SSCS method to prepare MnFe 2 O 4 nanoparticles using alanine as a fuel and corresponding metal nitrates as oxidants. Effect of the fuel-to-oxidant and the salt-tometal ratios on the phase and microstructure of the products is studied in detail.
Experiments 2.1 Synthesis of MnFe 2 O 4
All reagents were analytical grade purity and used without further purification. In a typical synthesis, 3.5 mmol of Mn(NO 3 ) 3 and 3.5 mmol of Fe(NO 3 ) 3 ·9H 2 O were dissolved in 25 ml deionized water to form aqueous solution. According to the required molar ratios of alanine to nitrate (F/NO 3 ¹ ) and KCl to total metal ions (KCl/M), respectively, proper amounts of L-¡ alanine (Ala, C 3 H 7 NO 2 ) and KCl were added to the above solution. After the resultant solution became a brown blank homogeneous solution, it was placed in a muffle furnace at 573 K. The solution bubbled up and auto-ignited with the rapid evolution of a large volume of gases. In order to remove salt, the as-synthesized powders were boiled in deionized water, filtered and washed several times with deionized water and ethanol. Finally, the product was dried in an oven at 353 K and designated as sample K-MFO-x, where x represents different KCl-to-metal ratios. For comparison, MnFe 2 O 4 nanoparticles prepared by the conventional solution combustion synthesis were designated as sample MFO.
Characterization
The crystalline phases of the samples were identified by X-ray diffraction (Siemens D-5000) with a graphite monochromator and Cu K¡ 1 ( = 0.15405 nm) radiation. The crystallite size was determined based on the XRD patterns using the Sherrer's equation: D = 0.89/(¢cosª). The morphologies were observed with a scanning electron microscope (SEM, JEOLJSM-6330F, Japan). The specific surface areas of the samples were measured by using N 2 adsorption at 77 K (Tristar 3000). The concentration of Congo red (CR) was measured on ultravioletvisible spectrophotometer (UVVis, TU1801, PGENERAL).
Adsorption experiment
A series of batch tests were conducted to investigate the CR adsorption performances of adsorbents. In each experiment, aqueous suspension of 25.0 mL CR with an initial concentration of 50 mg/L and 0.025 g MnFe 2 O 4 powder (1 g·L
¹1
) was placed in a stopper conical flask. After shaken at 298 K for 24 h, the suspensions were centifugated and the concentration of CR in solution was analyzed by a UV-visible spectrophotometer. In equilibrium experiments, 0.025 g of adsorbent was added into 25.0 mL CR solution with various initial concentrations from 10 to 500 mg/L. The sealed flasks were then shaken at 298 K for 4 h. The removal degree of CR (R, %), the amount of CR adsorbed on the sample over a given period of time t (q t , mg/g) and at equilibrium (q e , mg/g) was calculated by using the following equations, respectively.
Where C 0 and C e are the initial and equilibrium concentrations of CR in solution, respectively, and C t is the concentration over a given period of time t (mg·L To explore the reusability of K-MFO-c, the adsorption desorption cycle was repeated 5 times by using the same adsorbent. After the adsorption experiment, the CR-loaded adsorbents were recovered by a magnetic separation process and regenerated using 0.01 M HCl aqueous solutions as the eluent. The recovered adsorbents were washed several times with water, and then activated by agitated in 0.1 M of Na 2 HPO 4 solution for 1 h, finally again washed with water to remove the residual basic agents for next cycle use. Table 1 ). This can be attributed to temperature decrease in reaction system due to the increasing KCl addition. However, with KCl/M ratio further increased to above 4/3, Mn 2 O 3 and Fe 2 O 3 phases were observed [Figs. 1(f ) and 1(g)], indicating that spinel structure MnFe 2 O 4 phase can not be formed at lower temperature. Chen 21) explained that the introduction of salt results in the lower temperature of the reaction system due to the temperature rising and melting of the added salt in the combustion synthesis process.
As shown in the Fig. 2 , it can be seen that fuel-to-oxidant ratio (F/NO 3 ¹ ) also plays an important role in the formation of pure MnFe 2 O 4 nanopowders and controlling the crystalline size. When F/NO 3 ¹ = 0.167 (fuel-lean reaction, ¹50%), only a mixture of amorphous phase, Mn 2 O 3 and Fe 2 O 3 phases was obtained [ Fig. 2(a) ]. With the increase of F/NO 3 ¹ , the phase transformation of amorphous phase to spinel structure MnFe 2 O 4 happened [ Fig. 2(b) ]. When F/NO 3 ¹ increased from 0.7:3 to 1.3:3, the characteristic peaks of MnFe 2 O 4 became sharp and strong gradually [ Figs. 2(b)2(f ) ], while the crystalline size increased from 7.0 to 12.3 nm. However, by increasing F/NO 3 ¹ to above 1.5:3 (fuelrich, +50%), excessive fuel led to widen and weak diffraction peaks [ Fig. 2(g) ], and the crystalline size decreased to 9.1 nm. Figure 3 shows SEM images of MnFe 2 O 4 samples prepared via KCl-assisted solution combustion processes and conventional solution combustion method, respectively. These imagines reveal remarkable changes in microstrures, including porosity, particle distribution by changing KCl/M ratio. Figure 3 
Adsorption properties of Congo red (CR) on MnFe 2 O 4 3.3.1 Adsorption isotherm
In this work, to evaluate the liquid phase adsorption ability of MnFe 2 O 4 , the adsorption of CR by the different samples was investigated to assess how the KCl-assisted process has affected their adsorption capacities. Figure 4 shows the adsorption isotherms of the CR at 298 K on MFO and K-MFO-c. It can be seen that the dye adsorption ability of MnFe 2 O 4 prepared by saltassisted solution combustion synthesis (K-MFO-c) is about four times higher than that of one prepared by conventional solution combustion synthesis (MFO). In the present study, the Langmuir and Freundlich are two established typed of adsorption isotherm. The Langmuir equation assumes that there is no interaction between the adsorbate molecules and that the sorption is localized in a monolayer. It is then assumed that once a dye molecule occupies a site, no further sorption can take place at that site. Theoretically, therefore, a saturation value is reached, beyond which no further sorption can take place. Compared to the Langmuir isotherm, the Freundlich model is generally found to be better suited for characterizing multi-layer adsorption process.
The isotherm parameters calculated from the models together with the correlation coefficients are listed in Table 2 . It was found that the Langmuir model yielded higher correlation coefficients of r 2 than the Freundlich model. The Langmuir model is better than Freundlich model in describing the behavior of CR adsorption onto MnFe 2 O 4 , implying that the adsorption process could be a homogeneous distribution onto MnFe 2 O 4 surface. For materials with the same composition, the higher surface area means more adsorptive sites. In this work, the maximum Langmuir monolayer adsorption capacity (q m ) of K-MFO-c (118.76 mg/g) is much higher than that of MFO (30.00 mg/g). The adsorption capacity of per unit surface area was obtained by dividing the value of q m by the specific surface area of adsorbents, and the value of MFO and K-MFO-c is 3.77 and 3.12 mg/m 2 , respectively, which strongly suggests that the high adsorption capacity of K-MFO-c is mainly associated with the higher surface area of K-MFO-c (38.0 m 2 /g). This value is higher than the previous value reported by Wang et al., 10) in which the MnFe 2 O 4 samples were synthesized by a hydrothermal method. In other words, it means the KCl assisted process for preparing MnFe 2 O 4 significantly increases its adsorption capacity.
Effect of contact time
The effect of contact time on the adsorption of CR is presented in Fig. 5 . The adsorption capacity increases rapidly in the first 20 min due to abundant available active sites on the adsorbents. Then, the adsorption rate slows down with the gradual decrease in active sites, and the equilibrium time is about 1 h. The fast adsorption can ascribe to the pores structure exhibiting more advantages in mass diffusion and transportation.
In order to investigate the mechanism of adsorption kinetics, pseudo-first-order and pseudo-second-order kinetics models are applied to interpret absorption dynamics. The corresponding results are listed in Table 3 . The experiment data of K-MFO-c and MFO show good agreement with the pesudo-second-order kinetic model, indicating that the pseudo-second-order adsorption mechanism is predominant for this adsorbent system.
Magnetic separate and reuse of MnFe 2 O 4
The adsorption and magnetic separation processes are illustrated in the Fig. 6(A) . It shows that MnFe 2 O 4 can be separated easily from the reaction mixture by an external magnet. Furthermore, the MnFe 2 O 4 adsorbents can be used repeatedly for the adsorption of dye solution. As shown in Fig. 6(B) , It can be seen that the adsorption ratio of CR still reached 81% after 5 cycles, indicating the prepared magnetic MnFe 2 O 4 materials can be applied as an effective and recyclable sorbent for dye contaminants.
Conclusion
MnFe 2 O 4 nanocrystals with spinel structure were successfully prepared by a KCl-assisted solution combustion synthesis method. It is remarkable that the introduction of KCl into the solution combustion synthesis process results in an obvious dispersion of products and excellent adsorptive capacity for CR adsorption. Factors affecting adsorption, such as initial dye concentration and contact time were also evaluated. The analysis of adsorption where: q m = maximum amount of CR per unit weight of MnFe 2 O 4 ; K l = Langmuir constant; K f = Freundlich constants related to adsorption capacity; 1/n = an indication of adsorption intensity. where: q e,exp = the experimental adsorption capacity at equilibrium; q e,cal = the calculated adsorption capacity at equilibrium; k 1 = pseuo-first-order rate constant; k 2 = pesuo-second-order rate constant. 
